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ABSTRACT 

The p o t e n t i a l  l una r  landiilg c a p a b i l i t y  of Apollo 
i s  cons iderably  i n  excess  of t h a t  r equ i r ed  f o r  t h e  candida te  
s i t e s  i n  a number of r e spec t s .  T h i s  paper d i s c u s s e s  t h e  
r e s e r v e  p o t e n t i a l  i n  a c c e s s i b i l i t y ,  aim accuracy,  l and ing  
c a p a b i l i t y ,  approach pa th  roughness, and launch o p p o r t u n i t i e s .  

The  r e s e r v e  r e p r e s e n t s  an added s a f e t y  margin f o r  
e a r l y  l and ings  and a source of  growth c a p a b i l i t y  i n  l a t e r  
l and ings .  
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1100 Seventeenth Street, N.W. Washington, D.C. 20036 

SUBJECT: P o t e n t i a l  Lunar Landing C a p a b i l i t y  DATE: August 9, 1967 
of Apollo - Case 340 

FROM: C .  J .  Byrne 

MEMORANDUM FOR FILE 

I. INTRODUCTION 

When t h e  performance s p e c i f i c a t i o n s  on Apollo were 
s e t ,  t h e r e  were a number of unknown f a c t o r s  i n  t h e  lurlar en- 
vironment, i n  t h e  u l t i m a t e  weight and p ropu l s ion  budgets of 
t h e  s p a c e c r a f t ,  i n  the s t a t e  of t h e  a r t  of l u n a r  landings ,  
and i n  the  r e l i a b i l i t y  of the systems. Consequently, a g r e a t  
deal o f  conservat ism was w r i t t e n  i n t o  t h e  s p e c i f i c a t i o n s .  

A t  t he  p re sen t  time, many of these unknowns a r e  be ing  
r e so lved ,  p a r t i c u l a r l y  those r e l a t i n g  t o  the l u n a r  environ-  
ment and l u n a r  landings .  As a r e s u l t ,  i t  would be p o s s i b l e  
to t i g h t e n  t h e  s p e c i f i c a t i o n s  i n  c e r t a i n  a r e a s  i f  t h i s  were 
necessary ;  i n  p r a c t i c e ,  t he  c o s t s  of v e r i f y i n g  t i g h t e r  s p e c i -  
f i c a t i o n s  w i l l n o t  be incurred u n l e s s  t h e r e  i s  a motive s t r o n g  
enough to compete w i t h  c r i t i c a l  needs of t h e  program. 

On t h e  o t h e r  hand, i n  o t h e r  a r e a s  t h e  s p e c i f i e d  
performance has not been met. 
t h e  s a f e t y  o r  chance of success  of Apollo, no c o r r e c t i v e  a c t i o n  
w i l l  be taken.  

Where t h e  gap does not jeopard ize  

The purpose of t h i s  memorandum i s  to i n d i c a t e  re-  
se rves  of a b i l i t y  and a r e a s  f o r  f u t u r e  growth. 
p o t e n t i a l  i n  excess  of s p e c i f i e d  performance has  not been 
v e r i f i e d  by tes t s  and s t u d i e s  to t h e  l e v e l  of  confidence 
needed f o r  q u a l i f i c a t i o n .  I n  some cases ,  only f l i g h t  exper-  
ience  w i t h  Apollo spacec ra f t  could lead  to t he  confidence 
necessary  to use the p o t e n t i a l .  

I n  a l l  c a s e s ,  

11. ACCESSIBILITY 

The reg ion  of  t h e  moon which i s  a c c e s s i b l e  to Apollo 
i s  l i m i t e d  by a s e t  of program ground r u l e s ,  inc luding:  

a )  f r e e  r e t u r n  t r a n s l u n a r  t r a j e c t o r y  

b)  

c )  launch any month 

budgeted f u e l  and weight margins 

d )  e a r t h  t r a c k i n g  during descent  and a scen t  
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The s p e c i f i e d  and p r e s e n t l y  es t imated* l i m i t s  of a c c e s s i b i l i t y  
a r e  shown i n  Figure 1. 

To i l l u s t r a t e  t h e  e f f e c t  of r e l e a s i n g  t h e s e  ground 
r u l e s ,  Figure 2 shows the  a c c e s s i b l e  r eg ion  f o r  launch one 
month i n  the  y e a r  (a l lowing  l and ings  up to 15" from the  e q u a t o r )  
and Figure 3 shows t h e  region f o r  non-free r e t u r n  t r a j e c t o r i e s  
(a l lowing  landings  up t o  30" from the  equator  w i t h i n  25" of 
t h e  c e n t r a l  meridian and out t o  t h e  po le s  a long t h e  c e n t r a l  
mer id i an ) .  
cen t  and a scen t  were removed, l and ings  on t h e  l imbs and f a r  
s i d e  of t he  moon would be p o s s i b l e .  

If t h e  requirement f o r  e a r t h  t r a c k i n g  du r ing  des-  

111. A I M  ACCURACY 

The aim accuracy of  Apollo i s  determined by t h e  
t o t a l  c a p a b i l i t y  of MSN t r ack ing ,  s i g h t i n g s  of l u n a r  landmarks, 
and r e d e s i g n a t i o n  dur ing  the  LM descen t .  The s p e c i f i e d  p e r -  
formance (1/2 nm CEP) has not been met; f o r  a comparable 
p r z b a b i l i t y  level, t he  a r e a  of' t h e  ia1-idli-g s l t e  has h c r e a s z d  
by about 50% (Figure  4 ) .  However, s t u d i e s  of Lunar O r b i t e r  
da t a  show t h a t  good landing a r e a s  of t h i s  s i z e  can be found. 
I n  a l l  candida te  Apollo s i t e s ,  r edes igna t ion  i s  s u f f i c i e n t  
to avoid a l l  hazardous a reas  which could be encountered i n  
a t  l e a s t  99.7% of t h e  landings.  
n a t i o n  c a p a b i l i t y  i s  s u f f i c i e n t  to remove a l l  nav iga t ion  
e r r o r s  i n  most ( b u t  not 99s) of the  l and ings ,  no r e d e s i g n a t i o n  
w i l l  be used f o r  t h i s  purpose i n  e a r l y  landings  i n  o rde r  t o  
save f u e l  f o r  o b s t a c l e  avoidance near  touchdown. 

Although the  Apollo r e d e s i g -  

Up t o  the p re sen t  t ime,  Lunar O r b i t e r  exper ience  
has not v e r i f i e d  t h e  expected accuracy of ear th-based l u n a r  
o r b i t  de te rmina t ion .  I t  i s  hoped t h a t  t h i s  s i t u a t i o n  w i l l  be 
reso lved  be fo re  Apollo landings .  I n  case  problems remain, t h e  
t r a c k i n g  da ta  w i l l  be supplemented by nav iga t iona l  s i g h t i n g s  
of l u n a r  landmarks. 

IV. LANDING CAPABILITY 

Analysis  of t h e  LM des ign  shows t h a t  landings  a r e  
safe on a 6" gene ra l  s lope  w i t h  24 inch deep c r a t e r s  or 24 inch 
boulders ,  f o r  a s o i l  s t r e n g t h  of 5.5 p s i  a t  t he  s u r f a c e ,  l i n e a r l y  
i n c r e a s i n g  w i t h  dep th  a t  the r a t e  of 3.6 p s i  p e r  inch .  Spec i f i ed  
extreme touchdown v e l o c i t i e s  of 10 f p s  v e r t i c a l  and 4 f p s  h o r i -  
z o n t a l  were assumed. 

*Weight growth i n  t h e  CM may reduce the a c c e s s i b l e  a rea  
below t h a t  i nd ica t ed  i n  F igures  1 and 2 .  The p o t e n t i a l  change 
i s  being considered i n  s i t e  survey t a r g e t i n g ,  but  t h e  weights  
a r e  not y e t  f i r m  enough to j u s t i f y  p re sen t ing  new a c c e s s i b i l i t y  
f i g u r e s  he re .  
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Surveyor information i n d i c a t e s  s t r o n g e r  s o i l  c h a r -  
a c t e r i s t i c s  and Surveyor and Lunar O r b i t e r  photographs i n d i -  
c a t e  t h a t  rocks  l a r g e r  than 24 inches tend t o  be c l u s t e r e d  i n  
avoidable  a r e a s .  The s lopes i n  mare a r e a s  o u t s i d e  c r a t e r s  
appear t o  be much l e s s  than 6 " .  
system i n d i c a t e s  t h a t  t h e  chance of exceeding a 3 f p s  h o r i -  
z o n t a l  v e l o c i t y  i s  l e s s  than 1%; a t  t h i s  v e l o c i t y ,  t he  g e n e r a l  
s lope  could be a s  l a r g e  a s  8" .  If t h e  s u r f a c e  i s  hard and 
smooth, t he  s lope  could be 14". 

Analysis  of t he  guidance 

A s  a r e s u l t ,  c r a t e r s  of t h e  o r d e r  of 5 meters  or 
more i n  d iameter  appear  t o  be t h e  major hazards .  The d e n s i t y  
of t hese  i s  such t h a t  t h e  a s t r o n a u t s  should be a b l e  t o  avoid 
them e a s i l y  i n  guiding t h e  f i n a l  touchdown. I f  t h i s  confidence 
is  r e i n f o r c e d  by p i l o t s '  experience du r ing  e a r l y  landings ,  i t  
should be p o s s i b l e  t o  land on rougher s i t e s  than  the  Apollo 
candida te  s i t e s ,  p o s s i b l y  including h ighlands  o r  c r a t e r  f l o o r s .  

V. APPROACH PATH ROUGHNESS 

O r i g i n a l l y ,  Apollo was t o  land over  an a r b i t r a r y  
approach pa th .  I n  cons ide ra t ion  of t h e  low i n c l i n a t i o n  t r a -  
j e c t o r y  d i c t a t e d  by f u e l  economy, and u n c e r t a i n t i e s  i n  a l t i t u d e ,  
i t  was decided t o  use radar a l t i m e t e r  d a t a  f o r  about 20 miles 
before  touchdown. Because of a d e s i r e  t o  se t  up p r e c i s e  con- 
d i t i o n s  f o r  t he  v i s i b i l i t y  phase, t h e  s p a c e c r a f t  i s  e s p e c i a l l y  
s e n s i t i v e  t o  a l t i t u d e  v a r i a t i o n s  w i t h i n  10 mi l e s  of t h e  aim 
p o i n t .  Furthermore, a l t i t u d e  e r r o r s  c u t  i n t o  the  e f f e c t i v e n e s s  
of downrange r e d e s i g n a t i o n  c a p a b i l i t y  by gene ra t ing  an aiming 
e r r o r .  Because of t hese  f a c t o r s ,  t h e  approach pa th  has been 
cons t r a ined  t o  f i t  w i th in  t h e  envelope shown i n  Figure 5. 

t h e  problem (Table  1);  however, l i m i t a t i o n s  on roughness and 
s lope  w i l l  a lmost c e r t a i n l y  remain u n l e s s  major changes i n  
t r a j e c t o r y ,  hardware and software a r e  made. 

A number of s t e p s  a r e  under c o n s i d e r a t i o n  t o  a l l e v i a t e  

V I .  LIGHTING,  LAUNCH OPPORTUNITIES, A N D  MULTIPLE SITES 

Much of t h e  c a p a b i l i t y  d i scussed  above depends on 
a s t r o n a u t  d e t e c t i o n  and avoidance of hazards .  T h i s ,  i n  t u r n ,  
presupposes d e s i r a b l e  l i g h t i n g  c o n d i t i o n s  (about  7" t o  18" 
sun e l e v a t i o n ) .  

Launch r e l i a b i l i t y  c o n s i d e r a t i o n s  make it h igh ly  
desirable t o  a l low f o r  two success ive  s l i p s  of two days each. 
S ince  t h e  sun moves a t  13" p e r  day, three l and ing  s i tes  a r e  
r equ i r ed  f o r  each month of launch, a t  d i f f e r e n t  l ong i tudes  
a c r o s s  the  moon. 
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As launch experience b u i l d s  up, i t  may be p o s s i b l e  
t o  t a r g e t  f o r  only one o r  two o p p o r t u n i t i e s  p e r  month. T h i s  
w i l l  be p a r t i c u l a r l y  important f o r  t h e  wes tern  s i t e s .  Use of 
pre-planned dog-legs can  be used to widen t h e  c o n s t r a i n t  s l i g h t l y  
for some s i t e s  i n  some months. 

F i n a l l y ,  high l a t i t u d e  s i t e s  (above 30") a r e  not  
so c r i t i c a l  on sun angle  because the  i l l u m i n a t i o n  i s  not  i n  
t h e  t r a j e c t o r y  p l ane .  

V I I .  SUMMARY 

There a r e  a number of a r e a s  where t h e  Apollo l anding  
c a p a b i l i t y  has  been, or may be,  shown t o  be i n  excess  of t h a t  
r equ i r ed  f o r  landing  i n  the  set  of candida te  s i t e s .  T h i s  
c a p a b i l i t y  r e p r e s e n t s  a s a f e t y  f a c t o r  i n  e a r l y  l and ings ,  pe r -  
m i t t i n g  hold and r e c y c l e  of the  launch v e h i c l e ,  c o r r e c t i o n  of 
unexpected nav iga t ion  e r r o r s ,  and landing  i n  rougher a r e a s  
than  expected. 

For l a t e r  landings ,  some of t h i s  p o t e n t i a l  can be 
used f o r  landing  t o  s p e c i a l  f e a t u r e s  of s c i e n t i f i c  i n t e r e s t ,  
i n  more d i f f i c u l t  approach and l and ing  environments. However, 
s t u d i e s  and t e s t s  t o  confirm t h e  a d d i t i o n a l  c a p a b i l i t y  must be 
scheduled. 
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TABLE 1 

CONTINGENCY AND 

FUTURE CAPABILITY PLANNING ANALYSIS 

Increased  Landing Radar Data Process ing  

Slope e s t i m a t i o n  

Techniques being examined f o r  

e f f e c t i v e n e s s  and sof tware  c o s t s  

D l f f e r e n t  w e i g h t k g  f.;nztion 

Data smoothing in  guidance computer 

Guidance Logic Modif icat ion 

Modify t ime f o r  guidance cons t an t  f r e e z e  

Limited guidance from c o n s t a n t s  f r e e z e  

p o i n t  t o  h i -ga t e  

D i f f e r e n t  t a r g e t i n g  

Lower h i -ga te  

Grea ter  v i s i b i l i t y  margin 

Relax C r i t e r i a  

Landing r a d a r  p i t c h  o p e r a t i n g  range inc rease  

Less v i s i b i l i t y  margin a t  h i - g a t e  

Use manual r edes igna t ion  t o  improve 

v i s i b i l i t y  margin 
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